Introduction
============

Visual recognition of familiar words is characterized by high accuracy and speed, as letter identification is achieved by means of direct, parallel processing. In contrast, reading unfamiliar words entails more cognitive effort and is error-prone, as a serial, sublexical decoding is required ([@B60]; [@B18]). It is generally accepted that to pass from a sublexical reading to the use of a direct visual recognition, a repeated visual exposure to words is necessary ([@B48], [@B49]; [@B17]; [@B36]). By means of repetition, a representation of the lexical item is formed in the reader's orthographic lexicon; this becomes essential for reading it more efficiently in later encounters. Importantly, the lexical quality of these orthographic representations depends not only on the repeated visual exposure but also on other factors, such as their association with meaning ([@B42]). In this sense, although the formation of the word form through visual repetitions is indispensable for achievement of reading fluency, an association with a meaningful stimulus is also required ([@B11]). Therefore, training new words by combining both visual repetition and meaning association could contribute to their better integration in the reader's cognitive system, leading to a more interactive processing and direct visual recognition.

Nevertheless, different stances can be found in the literature about the dependency on semantics in the lexicalization process of trained stimuli. On the one hand, some behavioral studies suggest that lexical representations might be formed after simple visual training in a relatively fast process. For instance, reductions in the length effect have been described after a few repetitions of new word-like stimuli -- pseudowords -- a process that has been interpreted as reflecting reading automatization due to pseudoword incorporation into the reader's lexicon ([@B36]; [@B31]; [@B30]; [@B52]). In this sense, visual repetition is thought to be enough to promote the mental representation of new words and consequently its direct visual recognition, instead of the serial processing that is generally modulated by stimulus length. Furthermore, it has been found that visual repetition causes the interference in the processing of familiar words, in terms of higher categorization responses, when these stimuli were orthographic neighbors of the new words previously trained ([@B7]; [@B59]). This interference effect is considered to reflect the establishment of the new stimulus into the reader's lexicon, whose activation competes with the representation of the familiar word during its categorization, with the consequent increment in response times. On the other hand, different behavioral studies have claimed that visual repetition is not enough to reach fully lexicalized representations of new words. In these studies, data suggest that the nature of the orthographic representations formed after visual repetition could be episodic rather than lexical ([@B8]; [@B10]; [@B45]; [@B44]; [@B54]). This argument is based on the absence of lexical competition effects after simple visual repetition. More specifically, the reduction of the priming effect that would be expected when familiar words are primed by trained stimuli and both are orthographic neighbors (known as reduction of the prime-lexicality effect) is not found after visual repetition but only after the combination of visual and semantic training. Consequently, it is proposed that a multimodal training is required for the complete lexicalization of these stimuli, which ensures the achievement of a similar processing level -- and hence interaction -- between trained and already lexicalized words ([@B35]).

Therefore, behavioral studies show some controversy regarding the episodic or lexical nature of the orthographic traces formed after repeated visual training and the need for semantic association for the lexicalization of new stimuli. However, it must be taken into account that behavioral approaches cannot fully address the question about which is the exact nature -- episodic or lexico-semantic -- of the processing achieved under different training procedures. In contrast, more fine-grain techniques, such as the recording of event-related brain potentials (ERPs), have demonstrated to be more appropriate to explore the mechanisms underlying the formation of new mental representations under visual and semantic trainings. Ultimately, this approach could clarify which is the most advantageous procedure for the lexicalization of new words.

In this line, ERPs research supports the distinction between episodic traces formed after visual training and lexico-semantic representations reached after semantic training. In particular, two ERP components have been found to be affected by these two types of stimulus trainings. First, repeated visual exposure produces changes in the activity of the late positive component (LPC), regardless of the type of stimulus: words ([@B57]), pseudowords ([@B53]), visual patterns ([@B56]), or pictures ([@B21]). This component is characterized as a middle-posterior distributed potential that peaks around 500--700 ms post-stimulus onset and associated with episodic memory processes and recognition of previously presented stimuli ([@B46]). In a previous study ([@B5]), we found that LPC amplitudes positively covaried with pseudoword repetition, and that at the end of the training, both pseudowords and familiar words showed similar LPC amplitudes. This study showed that repeated visual training promotes episodic memory traces for pseudowords, allowing for their better recognition and categorization. However, it was concluded that visual repetition is likely not enough to integrate the new traces into the linguistic system of readers, as no effects reflecting the modulation of lexical processes were found after this training, supporting some previous claims from behavioral data.

Nonetheless, most ERP studies have focused on semantic associative training, reporting modulations of the N400 component. Specifically, these studies provide a semantic training for pseudowords by associating them with pictures ([@B16]; [@B1]) or definitions ([@B43]; [@B2]), or embedding them in meaningful sentence contexts ([@B38]; [@B6]; [@B22]; [@B3]). The main finding is that the previous presentation of meaningful stimulus might transfer semantic content to the pseudoword, leading to reductions in the N400 amplitude. This component has traditionally been related to the semantic processing of the stimuli and is sensitive to factors such as lexical status or frequency of words ([@B27]; [@B4]; [@B55]). Consequently, N400 amplitude reductions for meaningful trained pseudowords are considered to index their association with meaning and possibly their integration into the reader's lexicon.

Therefore, prior electrophysiological research enables to highlight two critical statements about the processing achieved for new words under both trainings. On the one hand, visual repetition produces enhanced mental traces for pseudowords, which promote their efficient reading and categorization; however, the nature of these traces seems to be episodic rather than lexical, taking into account the LPC enhancements across this training. On the other hand, the association to a meaningful cue might be a requirement for the integration of these stimuli into the linguistic system and hence for their complete lexicalization, as is indicated by the reduction of N400 activity after combined training. However, none of these ERP studies have established a direct comparison between the effects produced by the semantic association of pseudowords and those found after their simple visual repeated exposure. Instead, they compared semantic training to no training ([@B43]; [@B16]) or to training under semantically inconsistent contexts ([@B38]; [@B6]; [@B22]; [@B3]). Therefore, no comparison has been reported between the brain modulations produced after the visual and the semantic training of new words, clarifying the advantage of one training over the other in the lexicalization of these stimuli. Furthermore, this prior research explores the effects in post-training tasks; thus, no information is offered about online changes produced in brain activity as a consequence of each training.

In our study, we aimed to compare the brain activity elicited by repeated exposure of new (pseudo-) words under two different contexts: a semantic-associative one, in which these stimuli were preceded by a picture of a known object and a non-associative one, in which pseudowords were preceded by a hash mark. These marks were used to introduce a control for trials procedure, enabling the maintenance of a similar presentation pattern between both conditions and ultimately comparison of the effect of the semantic-associative repetition with a simple repetition. We hypothesized that repetition of pseudowords under the semantic-associative context could improve not only visual but also lexico-semantic processing of pseudowords and enhance categorization responses across the task, modulating the amplitude of the N400 component. In contrast, simple repetition of pseudowords under the non-associative context would produce an improvement in the episodic rather than the lexico-semantic processing of these stimuli and, therefore, cause modulation of the LPC component. To test these hypotheses, we used a multiple linear regression analysis of the electroencephalographic (EEG) data to estimate ERP waveforms, a method that allows inclusion of continuous variables in the design, such as the number of repetitions in the current study, and considers individual variability in the data ([@B24], [@B25]; [@B50]). Importantly, unlike classical ERPs computation methods, this new approach allows us to disentangle simultaneous modulations on ERP data by extracting independent estimates of relevant effects -- in this case, those produced by repeated exposure to pseudowords under the two different training contexts.

Materials and Methods {#s1}
=====================

Participants
------------

Twenty-two students from the University of Oviedo, Spain (18 females; mean age of 22.09 years) took part in the experiment for course credits. All were native Spanish speakers, had normal or corrected-to-normal vision, and were right-handed according to the Edinburg Handedness Inventory ([@B39]). No neurological or psychiatric disorders were reported by participants. This research was approved by the Ethics Committee of the Psychology Department of the University of Oviedo. Before starting the experimental task, participants received pertinent information about the purpose of the study, the task, and their duration. Then, written informed consent was received from participants.

Materials
---------

Four hundred and forty-eight stimuli were included in a lexical decision task divided into six blocks. Sixty-four were experimental pseudowords, presented repeatedly across task blocks (once in each block). The remaining 384 stimuli were filler words, each presented one time only in sets of 64 through the task blocks. These stimuli served exclusively to construct the task, and were neither repeated nor included in the analyses.

In addition, half the words and pseudowords presented at each block were associated with a meaning by means of a preceding picture, whereas the other half was preceded by a hash mark (**Figure [2](#F2){ref-type="fig"}**). Therefore, each task block included 128 stimuli of four different types: words and pseudowords under a semantic-associative condition (which enabled the establishment of an association between the previous picture and the subsequent stimulus) and words and pseudowords under a non-associative condition (where the previous mark did not enable the association or prediction of the subsequent stimulus). More specifically, the same pseudowords were consistently preceded by the same cues -- pictures or hash marks -- whereas filler words were associated with those pictures that corresponded with their meaning. This enabled preservation of coherence between concepts represented by words and pictures. Thus, different pictures were presented in each block, in association with their corresponding word. Pictures were selected from the [@B51] set, and both pictures and hash marks had similar dimensions (15 × 10 cm). In addition, pseudowords under both semantic-associative and non-associative conditions were matched on different psycholinguistic variables by means of the BuscaPalabras database ([@B14]), to avoid the influence of sublexical effects on the earliest ERP components (**Table [1](#T1){ref-type="table"}**).

###### 

Matching means of each variable for pseudowords repeated under both semantic-associative and non-associative conditions (standard deviations are shown in brackets).

                                                   Bigram frequency   First syllable frequency   Orthographic neighbors   Length of letters   Length of syllables
  ------------------------------------------------ ------------------ -------------------------- ------------------------ ------------------- ---------------------
  Pseudowords under semantic-associative context   516.28 (262.79)    271.44 (274.02)            2.68 (3.71)              5.12 (0.75)         2.18 (0.39)
  Pseudowords under non-associative context        515.32 (225.53)    306.66 (224.30)            1.31 (2.05)              5.56 (0.61)         2.43 (0.50)

Procedure
---------

Participants had to decide if the stimulus was a real (pressing the key 'YES') or a non-real word (pressing the key 'NO'). The correspondence between keys and hands (right-left) was counterbalanced across participants. Before starting the experiment, participants performed eight training trials (two trials per type of stimuli).

Stimuli were displayed in black, 18-point, Courier New letters (words and pseudowords) or in black lines (pictures and hash marks) over a white background at the center of the computer screen, by means of the experimental software E-Prime 2.0 ([@B47]). **Figure [2](#F2){ref-type="fig"}** shows the sequence of the stimuli presentation under both training conditions. All trials were presented randomly within each task block. Behavioural and electrophysiological data were recorded from each participant during the task.

EEG Recording and Pre-processing
--------------------------------

An actiCAP with 62 Ag/AgCl active electrodes (Brain Products GmbH, Gilching, Germany) was used to record the electroencephalogram. Two other active electrodes were placed on the mastoid bones to calculate an offline reference (signal was online referenced to Cz). The impedance of active electrodes was kept below 25 kΩ. Two conventional electrodes were placed on the supraorbital and infraorbital canthus of the left eye. Both EEG and EOG signals were amplified and digitized by an actiCHamp amplifier system at a 1000-Hz sampling rate. High and low pass filters at 0.1 and 100 Hz, respectively, and a notch filter at 50 Hz, were applied. An additional low pass band filter at 30 Hz was applied off-line before computing regression-based ERPs (rERPs).

EEG data preprocessing and analysis was conducted using custom scripts in MATLAB (Mathworks, Natick, MA, United States), drawing on Fieldtrip Toolbox ([@B40]) functions for artifact correction (exclusion criteria at ±100 μV), independent component analysis, cluster-based permutation statistics, and plotting waveforms and topographical representations. The EEG signal was segmented from 600 ms before to 1000 ms after the target onset, and the 250 ms preceding the picture/hash mark onset was used as baseline. These segments served as input for the single-trial regression framework used to analyze EEG signal (see section "Analysis of regression-based ERPs"). They also were averaged to obtain "classical" ERP waveforms of each experimental condition, which were used to construct graphics (**Figure [2](#F2){ref-type="fig"}**) and to run complementary analyses on traditional ERP components.

Analysis of Behavioral Data
---------------------------

Mean reaction times (RTs) from each subject were submitted to repeated measures ANOVAs with the type of training (semantic-associative and non-associative) and the repetition (first vs. sixth block) as within-subject factors. Only trials with correct responses and with latencies not exceeding ±2 standard deviations were included in these analyses (93.18% of the overall trials were analyzed in the behavioral data).

Analysis of Regression-Based ERPs
---------------------------------

EEG data segments from −600 to 1000 ms post-target onset were analyzed following a rERPs framework. In this approach, the activity at every data point (latency and electrode) is regressed for each subject to relevant predictors on a single-trial basis ([@B50]). Thus, the effects of type of training and repetition, as well as of the interaction between them, were estimated using the following multiple regression model:
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where *y*~i~ stands for the amplitude value in trial *i*, *x*~i~ for the code of the predictors in the same trial, and β for the values (or beta-coefficients) to estimate. A treatment-coding strategy was followed to define the different predictors within this model: predictor *x*1 (intercept) was always coded as 1, thereby serving as reference for other predictors, which in turn represented different treatment options or effects; predictor *x*2 (coded as 0 or 1), which is the difference between semantic-associative and non-associative trials regardless of the block number (global type of training effect); predictor *x*3 (coded in five steps of 0.2 each from 0 to 1), which is the repetition effect for the reference condition (e.g., semantic-associative trials); and predictor *x*4 (resulting from multiplying *x*2 and *x*3), which is the difference between repetition effects for semantic-associative and non-associative trials (interaction effect). Note that to correctly decompose the significant interaction effect, we needed to estimate rERPs corresponding to the repetition effect for both semantically associated and non-associated stimuli. This means that the regression model had to be computed twice -- once with semantically associated pseudowords as reference and another with isolated pseudowords non-associated to any stimulus. This additional regression estimation allowed us to clarify the interaction by conducting additional contrasts on the identified interactive cluster(s). The regression model was applied for correct pseudowords, involving on average a total of 144 trials (74.50%) for pseudowords under the semantic-associative condition and 139 (72.44%) for pseudowords under the non-associative condition.

The resulting rERPs (or beta-coefficients) for the interaction effect were submitted to cluster-based random permutation analysis ([@B37]). This non-parametrical approach allowed us to identify, over the whole rERP segment (here, 441 time points × 60 channels = 24,660 sample points), clusters (data points in close temporal and spatial proximity) in which the activity of these effect-related rERPs differed significantly from zero while effectively controlling for multiple comparisons (error type I). In the current study, this permutation approach was implemented as follows:

First, the beta-coefficients for the interaction effect were contrasted against zero by dependent sample *t*-tests computed for every sample point. Then, clusters were formed on the basis of spatial and temporal adjacency, selecting those data points which were below or equal to α level of 0.05 (here, a minimum of three adjacent sample points were required). Next, a cluster-level statistic was calculated for each observed cluster by taking the sum of all the individual *t*-values within it. A null distribution of the cluster-level statistic was calculated by randomly assigning rERPs segments (here, 1000 times) to the experimental condition. After each randomization, a new cluster-level statistic was calculated, and the one with the largest effect size was entered into the null distribution. The observed cluster was considered significant if the probability of the null hypothesis (namely, the proportion of cases in which values of this distribution are larger than the observed cluster-level statistic) was less than or equal to 5%.

Once a significant interactive cluster was detected with the above approach, its time interval and representative electrodes were used to average separately the rERP representing the repetition effects for pseudowords presented under both semantic-associative and non-associative contexts. To determine the significance and direction of the repetition effects, two contrasts compared the respective repetition effects (for semantically associated and isolated pseudowords) against zero. A third paired sample *t-*test contrasted both repetition effects to confirm the reliability and direction of their difference.

Results
=======

Behavioral Data
---------------

**Figure [1A](#F1){ref-type="fig"}** shows mean RTs for pseudowords presented at both training contexts through each repetition block. The percentage of correctly responded pseudowords obtained per condition was above 90% (on average, from the first to the sixth repetition block, semantically associated pseudowords: 98.91, 98.50, 97.91, 97.63, 98.11, and 98.14%; non-associated pseudowords: 97.40, 96.81, 95.22, 96.97, 94.96, and 96.67%). Analysis carried out on latencies showed a significant interaction between type of training and repetition effects in analyses both by participants \[*F*1(1,21) = 25.1, *p* \< 0.001, η^2^ = 0.54\] and by items \[*F*2(1,127) = 79.9, *p* \< 0.001, η^2^ = 0.39\].

![Left half **A**. Scatterplots of RTs obtained for pseudowords. Each marker indicates the mean RT obtained by each participant for pseudowords presented at both training contexts through the six repetition blocks. Numbers at the top and bottom of the scatterplots show the mean RTs obtained at each repetition block for pseudowords presented at the semantic-associative and non-associative conditions, respectively. *R*-squared coefficients indicate the proportion of the decrease in pseudowords' mean RTs that is explained by repetitions across both training contexts. Dotted and solid lines show the linear trend followed by RTs under each condition. Right half **B**. Scatterplots of the differences between RTs obtained for pseudowords at both conditions. Each marker represents the difference between the mean RT obtained for pseudowords at both contexts by each participant across the six repetition blocks. Numbers at the top show the difference in mean RTs obtained between conditions at each repetition block. *R*-squared coefficient indicates the proportion of the increase in differences between the mean RTs obtained for pseudowords at both conditions that is explained by its repetition across blocks. Dotted line shows the linear trend followed by these differences.](fnhum-12-00354-g001){#F1}

Follow-up analyses showed that pseudoword repetition under the non-associative condition caused a significant reduction in RTs across task blocks \[*F*1(1,21) = 15.87, *p* \< 0.01, η^2^ = 0.43; *F*2(1,127) = 66.71, *p* \< 0.001, η^2^ = 0.51\]. However, this reduction was greater for pseudowords associated with a picture \[*F*1(1,21) = 49.78, *p* \< 0.001, η^2^ = 0.7; *F*2(1,127) = 562.56, *p* \< 0.001, η^2^ = 0.9\]. As a consequence, significant differences between both types of pseudowords increased from the first block \[*F*1(1,21) = 23.21, *p* \< 0. 001, η^2^ = 0.52; *F*2(1,127) = 37.36, *p* \< 0.001, η^2^ = 0.37\] to the sixth \[*F*1(1,21) = 102.5, *p* \< 0.001, η^2^ = 0.83; *F*2(1,127) = 325.86, *p* \< 0.001, η^2^ = 0.84\]. Therefore, pseudoword repetition under the semantic-associative context produced a greater reduction in response times across blocks than under the non-associative context.

Additionally, regression analyses were conducted to explore further the causal relation between the repetition of pseudowords across blocks and the decrease in RTs for these stimuli. On the one hand, a regression analysis was carried out on pseudowords' mean RTs of each participant across the six task blocks, separately for both training conditions. Results revealed significant linear trends for the mean RTs obtained by participants across blocks under both conditions (**Figure [1A](#F1){ref-type="fig"}**), although stronger in the semantic-associative training \[*R*^2^ = 0.247, *F*(1,131) = 42.81, *p* \< 0.001\] than in the non-associative training context \[*R*^2^ = 0.052, *F*(1,131) = 7.15 *p* \< 0.01\]. Thus, the mean RTs exhibited by pseudowords were gradually reduced as a consequence of repetitions, although this decrease in RTs was better explained by repetitions when pseudowords were trained under the semantic-associative context. On the other hand, a regression analysis was conducted on differences between pseudowords' mean RTs obtained at both associative and non-associative contexts by each participant across the six task blocks. This analysis revealed a significant linear trend \[*R*^2^ = 0.138, *F*(1,131) = 20.72, *p* \< 0.001\], showing that the gradual increase of differences between RTs exhibited by pseudowords at both conditions was explained by the variable repetition. The more the pseudowords were repeated across blocks, the higher were the differences between RTs obtained at both training conditions, due to meaningful associations carried out at the semantic-associative context (**Figure [1B](#F1){ref-type="fig"}**).

Regression-Based ERPs (rERPs)
-----------------------------

Grand averaged ERP waveforms indicated two amplitude changes across repetitions (**Figure [2](#F2){ref-type="fig"}**). First, there seem to be reductions in N400 amplitude for pseudowords presented under the semantic-associative training condition, with apparently smaller decreases for pseudowords non-associated to any stimulus. In contrast, increased LPC amplitude was observed only for pseudowords presented under the non-associative condition. The visual inspection of the root mean square (RMS) for interaction-related rERPs suggests that repetition and type of training interacted in time windows coinciding with N400 and LPC components (**Figure [3](#F3){ref-type="fig"}**).

![Sequence of stimuli presentation at both semantic-associative and non-associative training conditions. The latency of elements presented across the sequence is indicated by the numbers displayed at the bottom of each rectangle. Grand averaged ERP waveforms show a different modulation for both semantically associated and non-associated pseudowords across repetition blocks (black bold arrows). At the center of the figure, the time (in milliseconds) is represented, corresponding to the EEG signal recording. Arrows indicate the time when the onset of N400 and LPC components were found significant. Topographic maps for each interactive time window found significant in the analysis of the regression-based ERPs are plotted, showing the scalp distribution of the ERP activity for each condition as well as the differences between conditions (maps under or to the right of the label DIFF). Maps framed in green reflect the scalp distribution of the interactive effect at each time window.](fnhum-12-00354-g002){#F2}

![Interaction effects found significant at the regression-based ERP analysis. Topographic maps at the top of the figure show the scalp distribution of the interactive effects found at both N400 and LPC time windows. Both interactive effects are subsequently decomposed, showing the effect of repetition on both semantic-associative and non-associative conditions. Topographical maps framed show the distribution of the maximal activation for the repetition effect on each condition and temporal window. Root mean square (RMS) waveforms of regression-based ERPs are shown for pseudowords repeated under each training condition.](fnhum-12-00354-g003){#F3}

Cluster analysis for interaction-related rERPs revealed different repetition effects for pseudowords under both conditions. Particularly, two significant clusters of effects were identified: one extended from 261 to 410 ms and showing a fronto-central distribution (*p* \< 0.05), and another from 492 to 640 ms, and with a left temporo-parietal topography (*p* \< 0.05). The latency and scalp distribution of the two clusters suggests that the interaction between repetition and type of training modulated instances of both the N400 and LPC components.

For the earlier N400-like cluster, the effect of repetition was found to be significant for pseudowords under both semantic-associative \[*t*(21) = 4.5, *p* \< 0.001\] and non-associative conditions \[*t*(21) = 3.33, *p* \< 0.005\], but greater for semantically associated (mean of 4.57 μV) than for non-associated pseudowords \[mean of 1.56 μV; *t*(21) = 2.91, *p* \< 0.01\]. Thus, pseudoword repetition increased positive amplitudes globally, but with stronger increases for those pseudowords associated to pictures. In contrast, for the latter, LPC-like cluster, only pseudowords non-associated to any stimulus showed a significant effect of repetition, with more positive amplitudes after repetition \[*t*(21) = 3.27, *p* \< 0.005\]. In addition, the repetition effect for isolated pseudowords (2.84 μV) differed significantly from that for semantically associated pseudowords \[−0.32 μV; *t*(21) = −4.05, *p* \< 0.005\].

Subsequent single-trial correlation analyses were carried out to explore the relation between changes in electrophysiological and behavioral data across repetitions. First, EEG activity at every sample point (latency and electrode) was correlated for each participant to RTs using Spearman's rho correlation coefficient. Correlations were calculated separately for pseudowords under both semantic-associative and non-associative conditions, using segments from −600 to 1000 ms after target onset. Next, the resulting correlation-based ERPs were contrasted against zero over the whole set of sample points by means of cluster-based permutation analysis. A cluster from 207 to 480 ms (*p* \< 0.001) was found significant for semantically associated pseudowords whereas the analysis for non-associated pseudowords revealed a cluster in a later time window, from 316 to 531 ms (*p* \< 0.001). Both effects indicate negative correlations between ERPs and RTs: as RTs reduce through repetitions, the electrophysiological activity becomes positive (maximum correlation values obtained for pseudowords under both semantic-associative and non-associative conditions were −0.170 and −0.163, respectively). These results suggest that the activity modulation better related to changes in the speed for categorizing both types of pseudowords occurred in temporal windows likely corresponding to N400, although in a slightly different latency. Nonetheless, it is not possible to ensure that the positivity enhancement that is better related to the decrease in RTs corresponds to the modulation of this particular component. Instead of that, this result only indicates that as the time for categorization responses decrease, the electrophysiological activity becomes positive. See **Figure [4](#F4){ref-type="fig"}** for correlation results under both semantic-associative and non-associative conditions.

![Time intervals and electrodes indicate the latency and spatial distribution in which correlation between behavioral and electrophysiological changes exhibited by pseudowords was found significant under each training condition. Correlation values are indicated in parentheses. The grand averaged correlation-based ERP waveforms were calculated taking the time interval and electrodes found significant under each training condition. A negative correlation around 400 ms after pseudoword onset can be observed at both conditions, slightly earlier for the semantic-associative training condition.](fnhum-12-00354-g004){#F4}

Traditional ERPs
----------------

The averaged activity at the corresponding time windows and electrodes where interactive clusters reached significance, namely, at 261--410 and 492--640 ms, was used to carry out traditional ERPs analysis. The aim of this procedure was to compare results obtained under both standard and regression-based ERP analysis. Repeated measures ANOVAs with type of training (associated vs. non-associated pseudowords) and repetition (first vs. sixth block) as within-subject factors found significant interactions at both N400 \[*F*(1,21) = 5.69, *p* \< 0.05, η^2^ = 0.21\] and LPC time windows \[*F*(1,21) = 16.10, *p* \< 0.01, η^2^ = 0.43\]. For the N400 time window, no differences between the two types of associated and non-associated pseudowords were found at the first block \[*F*(1,21) = 0.026, *p* \> 0.05, η^2^ = 0.01\]. However, differences appeared at the sixth block of the task \[*F*(1,21) = 7.9, *p* \< 0.05, η^2^ = 0.27\] as a consequence of the greater activity reduction for associated \[*F*(1,21) = 18.59, *p* \< 0.001, η^2^ = 0.47\] than for non-associated pseudowords \[*F*(1,21) = 12.38, *p* \< 0.01, η^2^ = 0.37\] after repetition. Regarding the LPC time window, the increase in the differences between the two types of stimuli from the first \[*F*(1,21) = 1.79, *p* \> 0.05, η^2^ = 0.07\] to the sixth block of the task \[*F*(1,21) = 5.20, *p* \< 0.05, η^2^ = 0.19\] was produced by the opposite effect. In this case, repetition caused an increase in positivity for non-associated pseudowords \[*F*(1,21) = 12.23, *p* \< 0.01, η^2^ = 0.36\], whereas the activity related to semantically associated pseudowords was not affected by repetition \[*F*(1,21) = 0.056, *p* \> 0.05, η^2^ = 0.003\].

Therefore, the pattern of results found for both N400-like and LPC-like components was confirmed by traditional ERP analyses. Furthermore, these complementary analyses verified that the effects detected by taking the repetition as a continuous variable, in the context of regression analyses, can be also found considering this variable as categorical.

Discussion
==========

In the present regression-based ERP study, the repetition effect of new word-like stimuli -- pseudowords -- was tested under a semantic-associative training context, in which pseudowords were preceded by a picture referring to a known concept, and under a non-associative training context, in which pseudowords were preceded by a hash mark. The aim was to explore the impact of these two different trainings on the online, gradual lexicalization of pseudowords. For this purpose, we focused on two ERP components whose modulation could indicate the episodic or lexico-semantic nature of the processing developed through both trainings, and therefore clarify whether the lexicalization process is possible after the simple visual repetition or, to the contrary, an association to a meaningful stimulus is required. Overall, we found that, reflected in the reduction of the N400 amplitude, the repeated semantic-associative exposure between pictures and pseudowords facilitated the lexico-semantic processing of these stimuli. In contrast, the simple visual exposure of pseudowords under a non-associative context increased LPC amplitudes, reflecting an improvement in their episodic rather than in their lexico-semantic processing. In what follows, ERP and behavioral findings for each training condition are discussed.

On the one hand, pseudoword repetition in the semantic-associative condition caused an amplitude reduction in an N400-like component, consistent with other studies reporting N400 reductions after repeated association of pseudowords with pictures or definitions or after embedding them in sentences with a constrained semantic context ([@B38]; [@B16]; [@B6]; [@B22]; [@B3]). In line with conclusions stated in these prior studies, this N400 modulation seems to indicate the facilitation in the lexico-semantic processing of the stimuli trained under the associative context. However, the possibility that this effect reflects also the involvement of other processes must be considered, taking into account the recent debate about the relation between N400 and semantic processes and, importantly, the similar N400 reduction that was also observed following the repetition of pseudowords under the non-associative condition, with no semantic information involved. In this regard, different recognition memory studies have found that visual repetition of stimuli produces the modulation of a frontal N400. Although there are some evidences against ([@B41]; [@B58]; [@B5]), this so-called FN400 component has been considered functionally different from the typical centro-posterior N400 and stated as a marker of stimuli familiarity instead of related to semantic processes ([@B57]; [@B23]; [@B32]; [@B46]; [@B9]; [@B33]). Accordingly, the N400 reduction found in the present study at both training contexts, which shows a fronto-central scalp distribution, could be reflecting the increase in the familiarity of the stimuli as a consequence of their visual experience across repetitions, rather than the facilitation in their lexico-semantic processing. Nonetheless, this interpretation must be considered carefully. In this sense, such modulation seems to be dependent not only on visual repetition but also on semantic information, given that the N400 reduction was significantly higher for those pseudowords repeated under the semantic-associative training. The higher N400 reduction found for these stimuli could reflect just the achievement of a greater familiarity as a consequence of repetitions under the associative context. However, it cannot be discarded that this N400 effect shows the enhancement in both the familiarity and the semantic facilitation of the stimuli as a result of the meaningful associations through repetitions.

Therefore, the present N400-like modulation found under the semantic-associative context could be interpreted in terms of a meaningful association between the concept given by the picture and the pseudoword throughout repetitions. This association could enhance both reading and posterior categorization of these stimuli, a response that could be predicted more quickly from the previous presentation of the picture. Behavioral data support this idea, given that reductions in RTs were found to be greater for pseudowords repeatedly associated to same pictures than for those pseudowords repeated under the non-associative condition, where presentation of these stimuli was not predictable from the previous mark. Indeed, differences in RTs obtained for pseudowords under both training conditions increased gradually through blocks and were found as early as in the first block, result that shows the extremely fast association reached between pictures and pseudowords in the semantic-associative context. The acquisition of this fast association could be explained by task requirements in the present study, namely, the lexical decisions. In this sense, systematic associations allowed participants to establish a prediction for the incoming stimulus and therefore increase the speed in their responses across blocks. Furthermore, the higher N400 modulation found in the associative training context likely shows the contribution of this association to the better integration of pseudowords into the picture-context given, facilitating their processing and speeding up their responses. This statement is supported by the negative correlation found between both behavioral and electrophysiological indexes, since as the activity became positive in a time window corresponding to N400, response times for pseudowords decreased.

Taking into account that pseudoword predictability increased across the associative training, the current N400 effect might instead be explained by differences in stimuli predictability between the two training contexts. This would be in line with more recent considerations about this component ([@B29]; [@B26]) and the key role of prediction in language comprehension ([@B12]; [@B15]; [@B19]). Specifically, N400 modulations are considered to reflect not only the enhancement of semantic relatedness between stimuli, but also the facilitation in their interpretation by means of contextual information. Thus, the more predictable the stimulus, the easier its interpretation results, with higher reductions in the N400 amplitude observable ([@B28]; [@B13]; [@B20]; [@B34]). In the present study, the encounter of stimuli under the semantic-associative condition (pseudowords but also filler words) could be unequivocally predicted from the previous picture, with the predictive value for these stimuli increasing across expositions. Thus, semantic-cues facilitated the prediction of pseudowords across the task, resulting in higher N400 reductions. By contrast, the lack of correspondence between visual cues and pseudowords in the non-associative training condition was reflected by smaller N400 reductions. Importantly, although the encounter with pictures could be enough to carry out lexical decisions through the task, these results and also those obtained from correlation analyses show that pseudoword facilitation occurred *during* the time course of the target processing.

On the other hand, pseudoword repetition in the non-associative condition caused an increase in the LPC-like activity, which was not found under the semantic-associative condition. As other authors ([@B53]; [@B56]; [@B57]; [@B5]) have already pointed out after repeated visual exposition, this LPC enhancement could be related to the construction and strengthening of episodic memory traces, facilitating the reading and categorization of the repeated stimuli. In this sense, the enhanced processing of pseudowords under the non-associative condition was also reflected by progressive reductions in RTs observed across repetitions. The presentation of these pseudowords was not preceded by a specific stimulus; hence, their presentation could not unequivocally be predicted by the previous mark. This resulted in greater monitoring and slower processing of these stimuli in comparison to those associated to pictures. Despite this fact, repeated visual exposure to these stimuli facilitated their processing, as indicated by both behavioral and electrophysiological data.

Thus, the modulation of the LPC-like activity through the simple visual repetition of pseudowords would indicate the achievement of an episodic processing for the stimuli under the non-associative training condition, which facilitates their categorization across the task. Interestingly, this LPC modulation was not found through pseudoword repetition under the semantic-associative training condition. This likely implies that the processing of these stimuli relied more upon predictions than on episodic retrieval. Indeed, the increase of predictability for these stimuli as a consequence of their repeated association with meaningful cues caused a significant drop in RTs, which decreased to ∼400 ms on average. This shift in RTs could induce a shift in ERP latency, masking thereby the LPC effect in this semantic-associative condition. Other studies ([@B43]; [@B3]; [@B2]) have reported enhanced LPC activity following repetition of pseudowords embedded in semantic-associative contexts. The difference with the present study could be due to the amount of semantic demand involved in the respective tasks. In this sense, LPC enhancements are usually found in tasks where, instead of lexical decisions, an explicit semantic judgment about trained stimuli is required. Therefore, even though LPC modulation by repetition might be expected regardless of the sort of training, the association between pictures and pseudowords, along with the lack of an explicit semantic processing, seems to reduce the burden at retrieval and recognition processes thought to underlie LPC activity -- and likely causes the masking of the effect.

To the best of our knowledge, this is the first electrophysiological study that directly compares the different brain activity modulation produced by repeated exposure of new (pseudo-) words under semantic-associative and non-associative training contexts, providing information about the contribution of each of these trainings in processes that take part in the lexicalization of the new stimuli. While some authors have claimed that a rich and deep training involving not only visual repetition but also meaningful information about new words is required for achievement of an interactive processing that allows their complete lexicalization ([@B35]; [@B45]; [@B44]), others have argued that the simple visual exposure to new words is sufficient to acquire a lexical processing for these stimuli ([@B36]; [@B31]; [@B52]; [@B30]). The results reported in the present study could support the claim that repeated visual exposure to novel words in association with meaningful stimuli constitutes a more advantageous strategy for their lexicalization than simple visual exposure. Nonetheless, the interpretation of the N400 modulation obtained in the semantic-associative condition must be approached with caution. This effect likely indicates the increase in both the familiarity and the semantic facilitation of the stimuli as a consequence of the acquisition of a processing guided and facilitated by predictability reached through the repeated semantic-association between consistent meaningful-cues and new orthographic labels across the task. However, not only the on-line tracing of effects produced under both trainings, but also a post-training test would be required in a future study to ensure the existence and nature of novel word representations, collecting both behavioral and electrophysiological measures which evaluate the interactive processing of trained words into the linguistic system of readers.

Conclusion
==========

The multiple linear regression analyses applied here confirm the usefulness of this approach in disentangling simultaneous effects of different but inter-correlated variables in brain response, in this case the semantic and visual training of new word-like stimuli under semantic-associative and non-associative contexts. Overall, a general advantage is found in the processing of pseudowords under the semantic-associative training context, as could be observed in the larger decrease in RTs and in the N400 amplitude throughout the task. However, the explicit categorization responses carried out by participants could influence the training and cause uncertain effects not related to reading, but rather to motor or decisional processes. To clarify this question, new studies are needed in which the effects of the semantic-associative and non-associative training of pseudowords are tested in tasks not involving decision-making about the stimuli.

Author Contributions
====================

Use of ERPs for studying the neurobiology of reading processing and, particularly, the electrophysiological signatures of the novel word learning. Implementation of different techniques for EEG signal analysis, as cluster-based non-parametric techniques, multiple regression analysis of ERPs, or neural source localization, using softwares as Analyzer, Cartool, or Matlab. Participation in different research projects on which the main topics were the cognitive, neuropsychological, and electrophysiological changes during novel word lexicalization.

Conflict of Interest Statement
==============================

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

**Funding.** This work was also supported by the Spanish Government \[PSI2015-64174-P and PSI2013-47959-P\] and the Foundation for the Promotion of Applied Scientific Research and Technology in Asturias \[BP13028\].

The article was prepared under the auspices of the Basic Research Program at the National Research University Higher School of Economics (HSE) and supported within the framework of a subsidy by the Russian Academic Excellence Project "5-100."

[^1]: Edited by: Tamer Demiralp, Istanbul University, Turkey

[^2]: Reviewed by: István Czigler, Institute of Cognitive Neuroscience and Psychology (HAS), Hungary; Chunyan Guo, Capital Normal University, China
